Expanded CAG repeat sequences have been identified in the coding region of genes mutated in several neurodegenerative disorders, including spinocerebellar ataxia type I and Machado-Joseph disease. In all disorders described to date the CAG expansion codes for an elongated polyglutamine chain. An increased polyglutamine chain size leads to a more severe disease, thus correlating with the genetic anticipation seen in repeat expansion disorders. Spinocerebellar ataxia type 7 (SCA7} is an autosomal dominant spinocerebellar ataxia with anticipation and a progressive degeneration of the cerebellar cortex. Using repeat expansion detection (RED}, a method in which a thermostable ligase is used to detect repeat expansions directly from genomic DNA, we have analyzed 8 SCA7 families for the presence of CAG repeat expansions. RED products of 150-240 bp were found in all affected individuals and found to cosegregate with the disease (P < 0.000001, n = 66}, indicating strongly that a CAG expansion is the cause of SCA7. On the basis of a previously established correlation between RED product sizes and actual repeat sizes in Machado-Joseph disease, we were able to estimate the average expansion size in SCA7 to be 64 CAG copies.
Spinocerebellar ataxia type 7 (SCA7) belongs to a group of autosomal dominant cerebellar ataxias (ADCA) where degeneration of pathways associated with the cerebellum lead to ataxia, dysarthria, dysmetria, and intention tremor (Harding 1993; Rosenberg 1995) . The clinical signs within this large group of disorders overlap greatly, making distinction between the different subtypes difficult. Characterization is further complicated by variation of clinical signs within families. Although all patients show progressive ataxia, the associated signs, age of onset, and clinical course are highly variable. During the past few years sev-
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The clinical signs of SCA7 include macular degeneration leading to blindness, in addition to the more common cerebellar signs (Anttinen et al. 1986; Benomar et al. 1994; Gouw et al. 1994) . SCA7 maps to chromosome 3p14-21.1 and is characterized by genetic anticipation including both a younger age of onset and a more severe phenotype in successive generations of a given family (Benomar et al. 1995; Gouw et al. 1995; . In Machado-Joseph disease (MJD/SCA3; Kawaguchi et al. 1994) and spinocerebellar ataxia type 1 (SCA1; Orr et al. 1993) anticipation correlates with expanded CAG re-peats within the coding region of the respective genes. These repeats encode a polyglutamine tract that when expanded, confers a gain of function in a not yet established way (for review, see . Glutamine is encoded by either a CAG or a CAA triplet, both of which are found in polymorphic repeats in human genes. Therefore, a search for CAG or CAA expansions would be motivated in neurological disorders displaying anticipation.
To perform genetic screening for such sequences, we have developed the repeat expansion detection (RED) method, in which a thermostable ligase is used to detect repeat expansions directly from genomic DNA (Schalling et al. 1993; Lindblad et al. 1994 ). Here we have used the RED method to analyze 67 individuals from eight families for CAG repeat expansions. RED products of 150-240 bp were found in all affected individuals, indicating a CAG expansion as the cause of SCA7.
RESULTS AND DISCUSSION

Methodological Considerations
We analyzed all individuals with the RED method (Schalling et al. 1993 Lindblad et al. 1994 ) using a (CTG)lo oligonucleotide, giving RED products at an interval of 30 bases (Fig. 1) . The protocol was modified from the original method (Schalling et al. 1993 ) in several ways. The 30-base oligonucleotide used here provides improved size resolution compared to the previously used 51-base oligonucleotide. In humans, the 30-base oligonucleotide results in a RED product of 120 bases (40 repeat copies) in almost all individuals tested. Therefore, 40 copies represent the lower level for detection of expansions with the current protocol. This lower level of detection was suitable for the present study but is not absolute, as modifications of the size of the repeat oligonucleotide can alter the lower limit. The oligonucleotide was 5'-phosphorylated during synthesis, thereby lowering reaction failure rate. The transfer of DNA from gel to membrane was facilitated and made more uniform by a semidry capillary blotting procedure. Details of these improvements are found in the Methods section.
Potentially, any disease-related expansion larger than 40 copies should be identifiable using RED, provided that families are large enough to permit cosegregation analysis and, thereby, ex- clusion of repeats unrelated to disease. Owing to the variation in expansion frequency among different ethnic groups (G. Sirugo, pers. comm.), the problems arising from unrelated expansions can be more or less severe. The problem with unrelated repeats can be reduced by the ability to identify two differently sized repeat expansions in the same individual. This is achieved through analysis of the intensity of the RED bands within one lane . Thus, the segregation of several unrelated repeats can be followed within one family.
Cosegregation between Expanded RED Products and Phenotype
All affected individuals showed RED products of 150, 180, 210, or 240 bp (Table 1) . To test the hypothesis that a CAG expansion cosegregated with the disease, we assigned all RED products of 150-240 bp as the disease allele. Using • analysis, a significant cosegregation between disease allele and phenotype was observed (P < 0.000001, 4 1 5 a n = 66), strongly suggesting that a CAG expansion is involved in SCA7. In five cases we observed repeat instability expressed as an increase in RED product size in affected offspring.
RED Products in Healthy Spouses
Four of 14 (29%) healthy spouses showed expansions/>150 bp in size (Table 1) . This is in agreement with previous findings, where -30% of the normal population show expansions of i> 180 bp (Schalling et al. 1993; Lindblad et al. 1995) . Two of these expansions were >240 bp, making possible a separate segregation analysis that indicated these longer alleles were unrelated to disease. An example of this can be found in Figure 2 , where an expansion of 330 bp originates from the unaffected parent (II:2) and is inherited by two unaffected (III:3 and III:4) and one affected (III:5) offspring (Fig. 2) .
RED Products in Unaffected Offspring
Thirteen of 22 unaffected offspring showed expansions of/> 150 bp. We studied the segregation of repeats and performed haplotype analysis in this group. Two (III:4 in Fig. 2 and not shown) of the 13 individuals had the entire affected haplotype and a repeat in the pathologic range. One additional individual (III:3 in Fig. 2 ) had a repeat expansion in the pathologic range, but only part of the affected haplotype. This expansion was inherited from the affected parent (II:l in Fig. 2 ). Both III:3 and III:4 are the same age as or younger than other family members (III:l, III:5, and III:8 in Fig. 2) , who have developed symptoms only recently, leaving III:3 and III:4 at risk of developing disease. Alternatively, it is possible that an affected parent carries two different 180-bp expansions, one that is related to disease and one that is not.
The other 10 unaffected offspring showing expansions lacked the affected haplotype. One individual (III:2 in Fig. 2 ) failed repeatedly on RED, but had the affected haplotype, making him/her an additional individual at risk.
In our experience there is no upper size limit above which repeats are always pathological or always without a phenotype. Linking an expanded repeat to disease is, therefore, dependent on cosegregation within a given family and is best achieved by establishing a size range that covers all disease alleles. Alternatively, if the aim is to use RED as a diagnostic tool for a cloned expansion, a second oligonucleotide can be incorporated in the reaction. This oligonucleotide should be slightly different in size to the repeat oligonucleotide and complementary to the sequence flanking the repeat. Therefore, locusspecific doublet bands are generated on the gel if the expansion is at the locus tested for.
Disease Gene Localization
Tight linkage to chromosome 3p14-21.1 was observed in all families studied, confirming that they are a homogenous group. Two recombinations in a previously unlinked family (II:5 in Fig.  2 and not shown) place the disease locus centromeric to marker D3S1300, which is in agreement with previous observations (Benomar et al. 1995) . The recombination in individual III:3 (Fig  2) would place the disease locus telomeric to GENOME RESEARCH @ 967
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Figure 2 Pedigree showing part of an SCA7 family. Bold numbers denote RED product sizes. Below haplotypes constructed from marker D3S3553, D3S3722, D3S1300, D3S1312, D3S1600, D3S1287, D3S1285, and D3S1296 are shown. Individuals with two RED product sizes were scored as carrying two separate expansions, on the basis of analysis of the intensity of the differently sized bands within one lane (see . Affected individuals show a 180-bp repeat except for 111:8, where an expansion to 210 bp occurred, corresponding to a shift in age at onset from 22 years to 14 years of age. All individuals in generation III are young and the ones affected developed symptoms only recently. Note that the unaffected individuals 111:3, 111:4, and 111:7 show RED products of the same size as the affected individuals. Individual 111:4 carries the disease allele haplotype and is at risk of developing the disease. Individual 111:7 lacks the affected haplotype. Therefore, the affected parent probably carries two 180-bp expansions and transmitted the one unrelated to disease to 111:7. Individual 111:3 carries only part of the affected haplotype. If the expansion is related to disease, subsequently the disease locus would be placed between markers D3S1300 and D3S1312. It remains possible that the repeat observed is unrelated to disease, in analogy with individual 111:7. Individual 111:2 failed repeatedly to give a detectable RED product and was excluded from the cosegregation analysis. This individual shows an affected haplotype and is at risk of developing the disease. Individuals have been scrambled and marked as unisex to prevent identification.
D3S1312 if the 180-bp expansion is diseaserelated. If so, the gene would reside in the 1.8-cM region between markers D3S1300 and D3S1312, narrowing the candidate region from previous reports (Benomar et al. 1995; Gouw et al. 1995; . It remains possible that two 180-bp repeats from different genomic loci segregated from individual II:l, only one of which is disease-specific. In the event that individual III:3 displays an unrelated repeat of the same size, no centromeric delineation would be possible in our study.
Estimate of Pathological Repeat Size
To determine the actual repeat copy number in SCA7 patients, we used a previously established correlation between RED product size and the actual repeat copy number in MJD/SCA3 (Table 1 ) . In MJD/SCA3, RED product sizes correlate well with the actual repeat copy number as determined by PCR , with almost identical average sizes seen by RED and PCR. Assuming that a similar correlation exist also in SCA7, the actual repeat size average would be -193 bp (64 repeat copies) in the SCA7 families analyzed here. This is somewhat shorter than what is found in MJD/SCA3 (Maciel et al. 1995; Dtirr et al. 1996; , but longer than in SCA1 (Orr et al. 1993) . One individual affected already at 16 months showed two alleles of 210 and 420 bp, respectively (Table 1) . We did not observe any allele above 180 bp in the parents: possibly the repeat expanded to 210 as well as 420 bp, indicating that this individual is a somatic mosaic with sizes ranging from 210 to 420 bp at the single-cell level. A similar somatic mosaicism with up to 450 bp of CAG sequence has been reported in Huntington's disease (Telenius et al. 1994) .
Possibilities for Gene Isolation
Because an antipolyglutamine antibody has detected protein products in lymphocytes from SCA7 patients (Trottier et al 1995) , it is likely that the CAG repeat detected with RED is expressed. Therefore, the DNA sequence flanking the repeat is most likely part of the coding region of the gene and could be used for gene isolation from cDNA libraries. If the repeat expansion was isolated, a flanking sequence could be obtained. Here, RED constitutes a powerful tool as it can detect the repeat in any type of genetic material. Repeat isolation could be accomplished either by screening of clones from patient derived genomic libraries or by the successive reduction in genomic complexity by DNA fractionation techniques and RED analysis of the resulting pools.
Future RED Potential
In the present study the chromosomal location of the disease was known before our RED analysis, making it convenient to construct haplotypes that increase the power of the repeat analysis. However, this is not needed for repeat identification using the RED method. The fact that the method screens for the actual mutation eliminates chromosomal crossovers and reduces the need for large informative families. Establishing a disease allele size range in a particular disorder further helps in eliminating unrelated repeats and usually decreases the rate of false positives to a degree where a single unlinked family of moderate size can be sufficient to generate a statistically significant correlation between a disease and repeat expansion . Once a disease-associated trinucleotide repeat expansion has been found, the focus of gene cloning efforts can be limited to trinucleotide repeat containing genes.
Summary
Cosegregation between a CAG expansion and SCA7 was established using RED. All affected individuals show an expanded CAG repeat that is in the size range found in SCA1 and MJD/SCA3. We conclude that a CAG expansion is very likely to be involved in the disease mechanism of SCA7. We calculated an average size of 64 CAG/CTG copies in the eight families analyzed in this study.
METHODS
Families
Affected and unaffected individuals from eight families with SCA7 were analyzed, including three Moroccan (Benomar et al. 1994) , two French (Benomar et al. 1994) , one Finnish (Anttinen et al. 1986 ), one Swedish (Holmgren et al. 1995 , and one American family (Gouw et al. 1994 ) (in total 31 affected and 36 unaffected individuals, 14 of which were spouses). All families had been characterized previously as SCA7 and linked to chromosome 3p (Benomar et al. 1994; Gouw et al. 1995; ; data not shown).
Sources of Genomic DNA
Human genomic DNA was prepared from blood samples using a standard phenol/chloroform extraction procedure CAG REPEAT EXPANSION IN SCA7 (Sambrook et al. 1989) . Alternatively, blood lymphocytes were lysed by adding 1.5 volumes of a solution containing 0.32 M sucrose, 10 mM Tris (pH 7.6), 5 mM EDTA, and 5% Triton X-100. Nuclei were collected at 3500 rpm for 10 min, vortexed thoroughly, and washed and pelleted twice at 3000 rpm in the above solution without Triton. DNA was extracted from nuclei using the Qiagen kit (Qiagen Inc., Chatsworth, CA) according to the protocol supplied by the manufacturer.
RED Analysis
All reactions were performed on a GeneAmp PCR System 9600 (Perkin Elmer Cetus, Norwalk, CT), using the following conditions: Reactions (10 ~1) containing 1 ~g of genomic DNA, 50 ng of 5'-end phosphorylated (CTG)I o oligonucleotide (Pharmacia Biotech, Uppsala, Sweden), and 10 units of Ampligase (Epicentre Technologies, Madison, WI) with the supplied Ampligase buffer were incubated at 94~ for 5 min. Thereafter, samples were taken through 495 cycles of 80~ for 30 sec and 94~ for 10 sec (Schalling et al. 1993) . Samples diluted in H2 O were buffered to pH 8.0 by the addition of 1/10 volume of 10 mM Tris, and 0.1 mM EDTA to the RED reaction.
Samples were heat denatured in 50% formamide for 5 rain before electrophoresis on a 6% denaturing polyacrylamide/6 M urea gel. The DNA was subjected subsequently to capillary blotting by placing a wet Hybond N + membrane on top of the gel, followed by three dry 3MM Whatman papers, a glass plate, and a weight. The transfer was left for 2 hr. After UV immobilization, membranes were hybridized in Rapid Hybe buffer (Amersham, Little Chalfont, UK) for 1 hr at 60~ to a (CAG)lo oligonucleotide that had been 3'-end labeled (Schalling et al. 1990 ) using terminal deoxynucleotidyl transferase (Amersham) and [32p]dATP (NEG 012Z, NEN Du Medical, Wilmington, DE) to a specific activity of 2 x 109 to 9 x 109 cpm/~g. Membranes were washed in 1 x SSC, 0.1% SDS for 0.5 hr at 60~ and autoradiographed 1-3 clays on NEN X-ray film using an intensifying screen.
A band of 90 bases [three ligated (CTG)lo oligonucleotides] was used as a positive control for the RED assay. Only samples displaying this band were used for the calculations presented in this paper. This product most likely represents ligations at multiple short repeat loci in the genome (Stalling 1994; Gastier et al. 1996) and therefore should be present in every individual. Families segregating two CAG expansions of different sizes were analyzed both with respect to the highest molecular mass band and to subsets of bands with increased intensity within each lane .
Statistical Analysis
RED products of 150-240 bp were defined as the disease allele. The probability of cosegregation between the phenotype and the disease allele was calculated using • analysis using a 2 • 2 contingency table with classifications of "disease allele" or "not disease allele" and "affected" or "unaffected."
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